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1. Introduction 
There are a large number of drive systems employing numerous actuators in industry. As 
such, the performances of these actuators require constant improvement in terms of higher 
speed and precision, miniaturization, and lower energy consumption. In addition, most of 
these drive systems need a design that permits MDOF (Multi-Degree-Of-Freedom) motion. 
Motion controls allowing MDOF have been practically realized by using stacked multiple 
actuators (Ebihara et al., 2005). However, there are problems in attempting to improve the 
performance of these types of drive systems such as a larger and more complicated 
structure, fluctuation of the center of gravity, and Abbe errors in position measurement due 
to the multiple-moving parts. In order to eliminate these problems, MDOF actuators—which 
have only a single moving part, but are capable of being directly driven with MDOF—are 
emerging technologies for future applications (Ebihara et al., 2005). 
Most MDOF actuators can be classified into two prominent types: a planar actuator that can 
drive in two-degree-of-freedom (2-DOF) translational directions; and, a spherical actuator 
that can drive in 2-DOF rotational directions. As for forms of the driving forces, 
electromagnetic, piezoelectric, magnetostrictive, and electrostatic types of MDOF actuators 
have been proposed (Ueda, 2009). Most models are of the electromagnetic actuator type 
because of mightiness and good controllability of the driving forces (Ueda, 2009).  
This study deals with electromagnetic planar actuators, which have a mover capable of 
traveling over large translational displacements in a plane. The electromagnetic planar 
actuators that have been proposed can be classified by their drive principle such as 
stepping, direct-current, induction, and synchronous types. Synchronous planar actuators 
are expected to offer extremely good controllability of the motion controls, and furthermore 
in attempting to position a mover precisely, the mover should have no problematic wire in 
order to avoid heat generation at the mover and tension due to the wire that often 
deteriorates the drive characteristics. Therefore, synchronous planar actuators with a 
permanent-magnet mover have been studied actively. However, the movable area tends to 
be quite narrow due to the use of conventional magnetic circuits for the MDOF drives, 
which are spatially separated from one another as shown in Fig. 1 (Kim & Trumper, 1998), 
unless the planar actuator has a large number of armature coils (Jeon et al., 2007). 
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Fig. 1. Movable area of a prior planar actuator with spatially separated magnetic circuits 
With this in mind, this study is aimed at designing high-performance planar actuators that 
have the following drive performances: 
• decoupled control for 3-DOF (Three-Degree-Of-Freedom) motions on a plane. 
• wide movable area that can be extended regardless of the number of armature coils. 
• ease of mover miniaturization. 
• no problematic wiring that can negatively influence drive performance. 
• small number of armature currents to control. 
Next, we propose a design for a novel synchronous planar actuator having spatially 
superimposed magnetic circuits for the 3-DOF drives. The magnetic circuits are a 
combination of a two-dimensional (2-D) Halbach permanent-magnet mover, and mutually 
overlapped stationary polyphase armature conductors. The movable area can be easily 
extended by increasing the length of the armature conductors, regardless of their number. 
However, independently controlling MDOF driving forces by means of superimposed 
magnetic circuits is very difficult and an extremely important issue in this study. This paper 
demonstrates a design for a planar actuator that enables MDOF driving forces to be 
controlled by using spatially superimposed magnetic circuits resulting from minimum 
number of armature currents. 
First, based on the results of a numerical analysis of the driving forces, we design a 
decoupled control law for the 3-DOF driving forces on a plane by using two polyphase 
armature currents (Ueda & Ohsaki, 2008a; Ueda & Ohsaki, 2009). We experimentally 
demonstrate that the 3-DOF motions of the mover can be independently controlled by using 
two polyphase armature currents, and, therefore the planar actuator has the widest movable 
area of all planar actuators that have only two polyphase armature conductors. 
Second, in order to further improve drive characteristics, the planar actuator is theoretically 
redesigned so that the mover can be stably levitated and the 3-DOF motions above a plane 
can be controlled by using three polyphase currents (Ueda & Ohsaki, 2008b). 
2. 3-DOF long-stroke planar actuator 
The fundamental structure of the 3-DOF planar actuator dealt with in this study is shown in 
Fig. 2. The planar actuator has a mover consisting of a 2-D Halbach permanent-magnet array 
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and six stationary overlapped armature conductors, which are arranged in two layers of 
three.  
2.1 Fundamental structure 
2.1.1 2-D Halbach permanent-magnet mover 
A Halbach permanent-magnet array generates a high-intensity magnetic field with a quasi-
sinusoidal distribution along the array direction on one side of the magnet array (Halbach, 
1986). Therefore, applying Halbach permanent-magnet arrays to coreless electric machines 
both enhances their driving forces and diminishes their force ripples (Zhu & Howe, 2001). 
The mover, with which this study deals, consists of five-pole-and-nine-segment Halbach 
permanent-magnet arrays arranged two-dimensionally in the xl− and yl−directions as 
shown in Fig. 3. Each permanent-magnet component was designed so as to maximize the 
ratio of the driving force of the planar actuator to the total mass of the mover at a nominal 
gap between the mover and stator, which is 0.5 mm (Ohsaki et al., 2003). The flux density Bz 
is distributed quasi-sinusoidally in the xl− and yl−directions, and can be approximately 
expressed near the mover center as follows:  
 ( ) ( ), , cos cosz l l zm l l
PM PM
B x y z B z x yπ πτ τ
⎛ ⎞ ⎛ ⎞= ⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠
  (1) 
where Bzm is a maximum flux density on a plane distant from the mover surface in the 
z−direction, and τPM is pole-pitch length in the xl− and yl−directions. Equation (1) can be 
rewritten by utilizing the xm−ym coordinate, fixed with the mover, as follows: 
 ( ) ( ), , cos cos
2
zm
z m m m m
B z
B x y z x yπ πτ τ
⎛ ⎞⎛ ⎞ ⎛ ⎞= +⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠
.  (2) 
Equation (2) indicates that the permanent-magnet mover generates multipole magnetic 
fields superimposed spatially with the same lengths of pole pitch τ in the xm− and 
ym−directions. Pole pitch τ in the xm− and ym−directions can be expressed by the pole pitch 
τPM in the xl− and yl−directions as follows: 
 / 2PMτ τ= .  (3) 
2.1.2 Stationary overlapped armature conductors 
There are two pairs of three stationary armature conductors arranged on two layers on a 
double-layered printed circuit board, for the x− and y−directional drives. All the armature 
conductors are meander-shaped and are designed so that pitch length of the meander shape 
is τ, corresponding to the pole-pitch length of the permanent-magnet mover in the xm− and 
ym−directions. The three armature conductors arranged on each layer are mutually distant at 
2τ / 3 intervals, and supply the three-phase alternating currents for the x− or y−directional 
drives. Between the two layers, there is a thin insulating layer that creates different gap 
lengths; the gap length between the mover and the armature conductors for the x− 
directional drive is different from that between the mover and the armature conductors for 
the y−directional drive. So, it is extremely important to make the insulating layer as thin as 
possible. 
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Fig. 2. Fundamental structure of planar actuator dealt with in this study 
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Fig. 3. Dimension and magnetization of permanent-magnet mover 
All the armature conductors are arranged over the stator, and so are always subjected to the 
magnetic field for the x− and y−directional drives generated by the permanent-magnet 
mover regardless of the mover position on the stator. Therefore, the mover can travel over 
the wide stator area. Furthermore, lengthening all the armature conductors extends the 
movable area without increasing the number of armature conductors, thus the power-
supply system does not become complicated. 
2.1.3 Drive principle 
When the ym− and xm−axes, fixed with the mover, are parallel to the armature conductors for 
the x− and y−directional drives as shown in Fig. 2, the mover generates a quasi-sinusoidal 
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flux-density distribution with pole pitch τ, corresponding to the meander-shaped pitch in 
length, in the x− and y−directions as shown in Eq. (2). Therefore, supplying two sources of 
three-phase alternating current to the two pairs of three armature conductors forms two 
magnetic circuits, as in linear synchronous motors, in the x− and y−directions, and 
consequently generates driving forces in the x− and y−directions. Although not all the 
magnetic circuits formed over the stator are mutually-separated, exciting the armature 
conductors for the x− and y−directional drives independently generates driving forces in the 
x− and y−directions, respectively, because of their mutually-orthogonal directions. 
Displacing the α−position (yaw position) and expressing the rotational position around the 
z−axis, not only influences the translational forces, it but also generates torque around the 
z−axis because of the broken symmetry of the spatial distribution of the translational forces 
acting on the mover. So it is extremely important to simultaneously control not only the x− 
and y−motions, but also the α−motions. Therefore, the characteristics of the translational 
forces and torque for the α−positions need to be investigated in detail.  
2.2 Static force characteristics 
2.2.1 Analytical model 
The driving forces acting on the mover of the planar actuator can be calculated from 
armature current i and flux density B using the Lorentz force equation FL = i × B. Figure 4 
shows the configuration of the mover and stator of the analysis model, and shows that the 
mover is displaced in the α−direction and an armature current ijk is supplied to an armature 
conductor ljk, where j (= x or y) and k (= u, v, or w) express the driving direction and phase 
name of the three-phase currents, respectively. When a line element dljk, which is a small 
part of the armature conductor ljk is in the flux density B, translational force F and torque T 
acting on the mover can be expressed as follows:  
 ( )
,
jk
jk jklj k
dl= − ×∑∫F i B  (4) 
 ( ) ( )
,
jk
jk m jk jklj k
dl= − − × ×∑∫T r r i B   (5) 
where rjk and rm are position vectors of the line element dljk and the mover center O’ with 
respect to the stationary coordinate xsyszs. From these equations, if the armature currents ijk 
and flux density B are constant, the translational forces F and torques T are proportional to 
the square and cube of a side of the mover, respectively, because the lengths of the 
integration passes in Eqs. (4) and (5) are proportional to the square of a side of the mover. 
On the other hand, if mass density ρ of the mover is constant, the mass and inertia-tensor 
elements of the mover are proportional to the third and fifth powers of a side of the mover, 
respectively. With this in mind, we can see that acceleration in the translational and 
rotational directions becomes twice and four times, respectively, when all sides of the mover 
become half. 
In this analytical model, two pairs of three-phase currents (iju, ijv, and ijw) are given as follows: 
 ( )sinju j sji I θ=   (6) 
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Fig. 4. Configuration of mover and stator in the analysis model 
 
2
sin
3
jv j sji I
πθ⎛ ⎞= +⎜ ⎟⎝ ⎠  (7) 
 
4
sin
3
jw j sji I
πθ⎛ ⎞= +⎜ ⎟⎝ ⎠   (8) 
where Ij and θsj are the amplitude and the phase of the three-phase currents, respectively. A 
phase difference between magnetic fields generated by the armature conductors and the 
mover can be defined and expressed with the following equation: 
 dj sj sj
πθ θ τ= −   (9) 
where xs and ys are the x− and y−positions of the mover center O’ with respect to the 
stationary coordinate xsyszs. Controlling the amplitude Ij and phase θsj of the armature 
conductors controls the 2-D mover motions. 
2.2.2 Numerical analysis results 
Exciting the armature conductors for the x− and y−directional drives generates the x− and 
y−directional driving forces using the same principle, and so this analysis deals with the 
armature conductors for only the x−directional drive. 
When the xm− and ym−axes are parallel to the stationary xs− and ys−axes, respectively, the 
yaw angle α is defined to be 0 deg. Figure 5 shows a numerical analysis result of the 
translational force Fx and torque Tz for the phase difference θdx with the following analysis 
conditions: 
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• amplitude of the armature currents: Ix = 2 A, Iy = 0 A 
• phase of the armature currents: θsx = −180 ∼ 180 deg 
• mover position: xs = 0 mm 
• yaw angle: α = 10 deg 
• flux density due to the magnet mover: measurement result for air gap = 0.5 mm. 
Figure 5 indicates that the translational force Fx and torque Tz can be expressed as sinusoidal 
functions with respect to the phase difference θdx. Equations (4) and (5) also indicate the 
translational force Fx and torque Tz are proportional to the amplitude of the armature 
currents, and therefore can be expressed as follows:  
 ( ) sinx Fx x dxF K Iα θ=   (10) 
 ( ) cosz Tx x dxT K Iα θ= .  (11) 
These equations indicate that phases of the armature currents generating the translational 
force Fx and torque Tz differ by 90 deg. Furthermore, the translational forces Fx are 
proportional to the armature currents generating a 90-deg phase-lead magnetic field with 
respect to the magnetic field due to the magnet mover (θdx = 90 deg), and the torques Tz are 
proportional to the armature currents generating the same-phase magnetic field (θdx = 0 
deg).  
The system constants KFx and KTx depend on the yaw angle α. The system constants KF and 
KT can be calculated by fitting the analysis results of the driving forces to Eqs. (10) and (11). 
Figure 6 shows the calculation results of the system constants KFx and KTx. The same driving 
forces can be generated every 90 deg in the α−direction because of the symmetric structure 
of the permanent-magnet mover. Figure 6 shows a period of the system constants KFx and 
KTx in the α−direction. Figure 6 indicates that KFx is maximum and KTx = 0 N⋅m/A when the 
yaw angle α = 0 deg, and so the translational force Fx is maximum and the torque Tz is not 
generated. When the mover is displaced in the α−direction, KFx becomes smaller and KTx ≠ 0 
N⋅m/A. The driving forces can be generated in the range within the yaw angle α = ±30 deg 
because of KFx ≠ 0 N/A and KTx ≠ 0 N⋅m/A. The movable area in the α−direction is widest of 
all planar actuator having only two pairs of polyphase conductors. Therefore, this planar 
actuator is suitable for 3-DOF long-stroke planar manipulation using only a few conductors. 
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Fig. 5. Translational force Fx and torque Tz vs. phase difference θdx 
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Fig. 6. System constants KFx and KTx vs. yaw angle α 
2.3 Decoupled control for 3-DOF motions 
2.3.1 DQ decomposition 
DQ decomposition in conventional rotary machines separates armature-current components 
that are generating torques from those that are not (Fitzgerald et al., 1990). From preciously 
shown analysis results, DQ decomposition in this planar actuator separates the armature-
current components, generating the translational forces Fx, Fy or torques Tz. 
The direct axis (d−axis) and quadrature axis (q−axis) are attached to the mover, and move 
together with the mover. In a phasor diagram, conventionally, the d−axis is aligned with the 
magnetic field axis because of the permanent-magnet mover, and the q−axis leads the d−axis 
by 90 deg. In other words, the d−axis current is intended to generate the same-phase 
magnetic field as that resulting from the permanent-magnet mover, and the q−axis current is 
intended to generate a 90-deg phase-lead magnetic field. Figure 7 shows phasor diagrams 
for the relation between the dq−frame and uvw−frame. The u−, v−, and w−phase currents 
generate magnetic fields with definite phases, which are out of phase from one another by 
120 deg. The α ’−axis current generates the same-phase magnetic field as that from the 
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(a) dq−frame and α ’β ’−frame.  (b) α ’β ’−frame and uvw−frame. 
Fig. 7. Phasor diagrams showing relation between dq−frame and uvw−frame 
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permanent-magnet mover when the mover center is at the origin of the stationary 
coordinate xsyszs. The β ’−axis leads the α ’−axis by 90 deg. Figure 7 indicates that the d− and 
q−axes lead the α ’− and β ’−axes by (πjs/τ), respectively, which is proportional to the mover 
positions js (= xs or ys). The armature currents having the amplitude Ij and phase θsj can be 
decomposed to the d−axis currents Idj and q−axis currents Iqj as follows:  
 sindj j djI I θ=   (12) 
 cosqj j djI I θ= .  (13) 
From Eqs. (10)−(13), the translational forces Fx, Fy and torques Tz resulting from supplying 
the two pairs of three-phase currents to the armature conductors for the x− and 
y−directional drives, can be expressed with the d− and q−axis currents Idj, Iqj as follows: 
 ( )x Fx qxF K Iα=   (14) 
 ( )y Fy qyF K Iα=  (15) 
 ( ) ( )z Tx dx Ty dyT K I K Iα α= + . (16) 
Equations (14)−(16) indicate that the translational forces Fx, Fy and torques Tz are 
proportional to the q− and d−axis currents Iqj, Idj, respectively. The system constants for the 
y−directional drive KFy, KTy are slightly different from those for the x−directional drive KFx, 
KTx because of difference in the air gaps between the mover and armature conductors for the 
x− or y−directional drives. As mentioned above, the driving forces from the armature 
currents can be simply described. 
2.3.2 3-DOF force control 
Supplying the appropriate d− and q−axis currents independently controls the translational 
forces Fx, Fy and torques Tz from Eqs. (14)−(16). The degrees of freedom for the armature-
current controls are four (Idx, Idy, Iqx, and Iqy), and one larger than that for the mover motions, 
which is three (x, y, and α) as shown in Fig. 8. Controlling the two q−axis currents Iqx, Iqy is 
essential to controlling the two translational forces Fx, Fy. The two d−axis currents Idx, Idy 
generate the torques Tz, and, so the torque controls have redundancy. In fact, the d−axis 
current Idx generates the torques Tz more efficiently than the d−axis current Idy because of the 
air-gap difference (KTx > KTy). However, each armature current is limited by its own rating, 
power supply, and so on. In Fig. 8, Ic is the current limit of all the armature currents. So if 
large driving forces Fx, Fy, Tz are required, then armature currents should be supplied so as 
to optimally satisfy the references of the driving forces under the current limit for producing 
maximum performance. This study, however, focuses principally on the verification of 
decoupled 3-DOF motion controls for a long-stroke planar actuator, and, therefore deals 
with a simply decoupled control algorithm. 
Figure 9 shows a control block diagram for the translational forces Fx, Fy and torques Tz in 
this study. In Fig. 9, xref, yref, and αref are references of the mover positions in the x−, y−, and 
α−directions, respectively. In order to decide the references for the driving forces Fx*, Fy*, Tz*, 
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feedback controls in each degree of freedom are performed with three different PID 
(Proportional-Integral-Derivative) algorithms. The PID parameters are determined so that 
settling time of the x−, y−, and α−directional drives is shorter than 0.5 s. In this study, 
references of the d− and q−axis currents Idj*, Iqj* are calculated from the system constants KFj, 
KTj and the driving force references Fx*, Fy*, Tz* as follows (j = x or y); 
 ( )* */ 2dj z TjI T K α=   (17) 
 ( )* */qj j FjI F K α= .  (18) 
The system constants KFj, KTj are calculated from the detected yaw angle α by interpolation 
of the analysis data shown in Fig. 6. As we can see from Fig. 7 (a), the references of the 
amplitude and phase of the three-phase currents Ij* and θsj* can be calculated from the 
current references in the dq−frame Idj*, Iqj* and the mover positions in the x− and y−directions. 
Then, from Fig. 7, references of the three-phase currents iju*, ijv*, ijw*, (j = x or y) can be 
calculated from the amplitude Ij* and phase θsj*. 
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Fig. 8. Degrees of freedom for armature-current control and mover motion 
Fy
*
Tz
*
F
x
*
v
xu
*
v
xv
*
v
xw
*
vyu
*
vyv
*
vyw
*
PID
PID
y
+
-
+
-
PID
x
+
-
α
Force generation
and
Mover dynamics
2φ
3φ
2φ
3φ
i
x
v
x
iy
vy
y
x
α
Idx
*
Iqx
*
Idy
*
Iqy
*
i
xu
*
, i
xv
*
, i
xw
*
iyu
*
, iyv
*
, iyw
*
Force
reference
Current
reference
α
K
KF , KT
x
ref
y
ref
α
ref
 
Fig. 9. Control block diagram for translational forces Fx, Fy and torques Tz 
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In this study, each-phase armature voltage vjk* is calculated from the resistances R and 
armature-current references ijk* as follows; 
 * *jk jkv Ri= .  (19) 
Equation (19) does not consider back electromotive force, and causes errors between the 
armature currents and their references. In this study, the errors are compensated by the PID 
controls. As described above, the six armature-voltage references vjk* can be calculated from 
the driving force references Fx*, Fy*, Tz*. Supplying the six armature voltages vjk* generates 
decoupled 3-DOF driving forces. 
2.3.3 Experimental setup 
In order to control the 3-DOF (x, y, and α) motions of the mover by position feedback, 
sensing the mover positions which are allowed anywhere on the wide stator area is 
extremely important. If multiple sensors are utilized for single-axis displacements, we 
require three or more sensors to detect the 3-DOF positions. The combination method for 
multiple sensors determines the measurement performance, for instance, detection accuracy 
and measurable area, and so is also extremely important. This study uses three single-axis 
laser-displacement sensors (laser triangulation) because of their long measurable area 
(several tens of mm) and high resolution (several μm). 
When the mover is driven in 3-DOF directions, suspending and smoothly guiding the 
mover on a plane are also extremely important. This study uses ball bearings, 1-mm glass 
spheres, as the suspension and guide mechanism because they have smaller friction forces 
and are easily installed. 
Figure 10 shows the configuration of the experimental system for the 3-DOF motion controls 
of the mover. The mover is supported by many ball bearings and guided on a plane having 
small frictional forces. At the same time, the mover faces the three-phase armature 
conductors for the x− and y−directional drives through 0.5-mm and 0.63-mm air gaps, 
respectively. The three laser-displacement sensors irradiate three points on three lateral 
sides of the mover, and detect displacements at the three points by triangulation. A personal 
computer (PC), running a Digital Signal Processor (DSP), inputs the three sensor signals and 
calculates the 3-DOF positions of the mover. The PC also calculates the six armature-voltage 
references based on a decoupled motion-control algorithm, and outputs the six voltages to 
the six armature conductors through the power amplifiers. Then, the armature currents and 
magnetic field, resulting from the magnet mover, interact and independently controlled 
driving forces are generated. 
2.3.4 Experimental results 
This subsection presents verification of the 3-DOF drive characteristics of the planar actuator 
ascertained by experimental study, and describes the experimental results under various 
conditions. First, in order to verify the decoupled 3-DOF motion controls of the planar 
actuator with superimposed magnetic circuits, drive tests of a mover with 3 DOF were 
performed. Second, the movable area in the α−direction was experimentally verified. 
In this planar actuator, even if a large α−displacement of the mover occurs, the driving 
forces decrease less than conventional planar actuators because the magnetic circuits for the 
x−, y−, and α−directional drives are always formed. The planar actuator has a mover capable 
of infinitely-large translational motions on a plane by increasing the length of the armature 
conductors, in principle, as mentioned in Subsection 2.1.2. 
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Fig. 10. Configuration of experimental system for 2-D drives 
Next, in order to verify the long-stroke motion-control characteristics with 3 DOF, 
experimental results of the drive tests were described under the following four conditions: 
(I) Simultaneous sine response for the x−, y− and α−directions (Ueda & Ohsaki, 2008a); 
Verification of decoupled motion controls in the x−, y− and α−directions, and an evaluation 
of follow-up controls are performed. 
Figure 11 shows the experimental results of the mover motions when sine signals, which 
have a 10-mm amplitude and a 2-s period, are simultaneously given as the x−, y−, and 
α−position references. Figure 11 indicates that the mover can simultaneously track the three 
sine-reference positions over a wide movable area with less position error. 
(II) α−directional drive at the yaw angle α ≈ 0 deg (Ueda & Ohsaki, 2009): 
Whereas the translational forces in the x− and y−directions are maximum at the yaw angle α 
= 0 deg, torque in the α−direction cannot be generated, as mentioned in Subsection 2.2.2. 
Therefore, controllability of the α−motion is presumed to deteriorate at the yaw angle α ≈ 0 
deg. Then, in order to verify the motion-control characteristics at the yaw angle α ≈ 0 deg, 
ramp response for the α−direction was investigated in the same range. 
Figure 12 shows the experimental results of the mover motions and armature currents for 
ramp response with the position references (xref, yref) = (0, 0) and αref = −5 + t (deg), where t is 
time. Figure 12 indicates that the mover can travel in the α−direction in the range within the 
yaw angle α = ±5 deg. When the yaw angle α closes to 0 deg, the large d−axis currents Idx 
and Idy are required to control the α−position. In the range within the yaw angle α = ±1 deg, 
the α−position becomes more oscillatory. The current capacity of the power amplifiers is 
presumed to be the reason the d−axis currents are insufficient to control the α−motion, and 
consequently cause the oscillation in the α−position. 
www.intechopen.com
A Long-Stroke Planar Actuator with Multiple Degrees of Freedom  
by Minimum Number of Polyphase Currents  
 
425 
-5
0
5
10
15
20
25
0 0.5 1 1.5 2 2.5 3 3.5 4
Time  t  (s)
Y
a
w
 
a
n
g
l
e
 
 
α 
 
(
d
e
g
)
-15
-10
-5
0
5
10
15
D
i
s
p
l
a
c
e
m
e
n
t
 
 
x
,
 y 
 
(
m
m
)
x
y
α
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
0 0.5 1 1.5 2 2.5 3 3.5 4
Time  t  (s)
( αr
ef 
- α
)
 
 
(
d
e
g
)
-1.4
-1.2
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
(x
re
f 
-
 x
)
,
 
 
(
y r
ef
 
-
 y)
 
 
(
m
m
)
x ref - x
α ref -α
y ref - y
 
(a) Mover position.   (b) Position error. 
Fig. 11. Experimental results of simultaneous sine response for x−, y− and α−directions 
 
-6
-5
-4
-3
-2
-1
0
1
2
3
4
5
6
0 1 2 3 4 5 6 7 8 9 10
Time  t  (s)
Y
a
w
 
a
n
g
l
e
 
 
α 
 
(
d
e
g
)
-6
-5
-4
-3
-2
-1
0
1
2
3
4
5
6
D
i
s
p
l
a
c
e
m
e
n
t
 
 
x
,
 
 y 
 
(
m
m
)
x
y
α
x ref  = y ref  = 0 mm
α ref  : -5 ~ 5 deg, 1 deg/s
 
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
0 1 2 3 4 5 6 7 8 9 10
Time  t  (s)
( αr
ef
 
-
 α)
 
 
(
d
e
g
)
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
(x
re
f 
-
 x
)
,
 
 
(
y r
ef
 
-
 y)
 
 
(
m
m
)
x ref  - x
α ref  - α
y ref  - y
 
(a) Mover position.   (b) Position error. 
-3
-2
-1
0
1
2
3
0 1 2 3 4 5 6 7 8 9 10
Time  t  (s)
I d
x,
 
 I q
x 
 
(
A
) I qx
I dx
 
-3
-2
-1
0
1
2
3
0 1 2 3 4 5 6 7 8 9 10
Time  t  (s)
I d
y,
 
 I q
y 
 
(
A
) I qy
I dy
 
(c) Armature currents for the x−drive. (d) Armature currents for the y−drive. 
Fig. 12. Experimental results of ramp response for α−direction at yaw angle α ≈ 0 deg 
(III) α−directional drive at the yaw angle α > 20 deg (Ueda & Ohsaki, 2009): 
Increasing the yaw angle α can decrease the driving forces especially at the yaw angle α > 20 
deg. Then, in order to verify the movable area and motion-control characteristics at the yaw 
angle α > 20 deg, ramp response for the α−direction was investigated in the same range. 
Figure 13 shows the experimental results of the mover motions and armature currents for 
ramp response with the position references (xref, yref) = (0, 0) and αref = 18 + t (deg). Figure 13 
indicates that the mover can travel in the α−direction at the yaw angle α < 26 deg. When the 
yaw angle α becomes larger, the large q−axis currents Iqx and Iqy are required to control the 
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(c) Armature currents for the x−drive. (d) Armature currents for the y−drive. 
Fig. 13. Experimental results of ramp response for α−direction at yaw angle α > 20 deg 
x− and y−positions. At the yaw angle α > 22 deg (time t > 4 s), the q−axis currents Iqx and Iqy 
are limited by the maximum current = 1.7 A. At the yaw angle α > 26 deg (time t > 8 s), the 
mover is stationary, and, therefore the driving forces required to overcome the friction 
forces between the mover and ball bearings cannot be generated. 
(IV) 90-deg step response for the α−direction (Ueda & Ohsaki, 2009): 
The driving forces of the planar actuator have a 90-deg periodicity for the α−direction 
because of the symmetric magnetized mover. Furthermore, the driving forces are generated 
in the range within the yaw angle α = ±26 deg in the 90-deg periodicity. Then, in order to 
verify feasibility of periodic 90-deg stepping drives in the α−direction, a 90-deg step 
response was investigated. 
Figure 14 shows experimental results of the mover motions and armature currents for 90-
deg step response with the initial positions (xin, yin, αin) = (0, 0, 10) and the position 
references (xref, yref, αref) = (0, 0, 100, 190, 280, or 370). Figure 14 indicates that a 90-deg 
stepping drive can be realized. The mover positions could not be detected in the range 
within 0.10 s < time t < 0.28 s due to geometrical problem in laser triangulation. At the yaw 
angle α > (14 + 90) deg, corresponding to time t > 0.28 s, the mover motions can be 
controlled because of the 90-deg periodicity in the yaw direction. 
2.4 Summary of chapter 2 
This chapter proposed a novel synchronous planar actuator having advantages in terms of 
the wide movable area of the magnet mover, which is independent of the number of 
armature conductors, presents the design for the experimental system for verification of the 
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Fig. 14. Experimental results of 90-deg stepping response for α−direction 
drive characteristics of this long-stroke planar actuator, and describes the experimental 
results of long-stroke 3-DOF motion controls. From these results, we successfully 
demonstrated that the 3-DOF motions of the mover can be independently controlled by two 
polyphase armature currents. The movable area in the x− and y−directions is infinitely wide 
in principle, and that in the α−direction is in the range within ±26 deg, meaning the planar 
actuator has the widest movable area of all planar actuators that have only two polyphase 
armature conductors. 
3. Magnetically levitated MDOF planar actuator 
This chapter presents a feasibility verification as to whether a planar actuator can 
magnetically suspend a mover, capable of 3-DOF motions on a plane, so as to further 
improve the drive performance of a planar actuator.  
3.1 Actuator design 
The proposed planar actuator has spatially superimposed magnetic circuits for the x−, y− 
and α−directions, which are its most important feature and enable the mover to travel over a 
wide movable area on a plane by exciting only two polyphase armature conductors. The 
magnetically levitated planar actuator is also designed so that all the magnetic circuits are 
mutually superimposed. In order to design the planar actuator, a numerical analysis of 6-
DOF driving forces for 6-DOF mover positions is performed. 
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3.1.1 6-DOF force analysis 
The driving forces, including the suspension forces, greatly depend on the size of the gap 
between the mover and armature conductors, and therefore this gap needs to be precisely 
controlled. Generally, reducing this gap increases the driving forces. If the mover is located 
below the stator, attraction forces to the stator are required to suspend the mover. However, 
the attraction forces are increased by reducing the gap, which makes the vertical motions of 
the mover unstable. Conversely, if the mover is located above the stator, repulsion forces 
from the stator are required to suspend the mover. The repulsion forces are increased by 
reducing the gap, and so the vertical motions are stable. Therefore, in this study, the mover 
of the magnetically levitated planar actuator is positioned on the stator. 
Figure 15 shows the analytical model for the driving forces. In this figure, the mover and 
polyphase armature conductors for the x−direction only are shown. A moving 2-D Halbach 
permanent-magnet array has the same structure as shown in Fig. 3, and four-pole-and-
seven-segment magnetization with pole-pitch length τPM = 3 mm along the xl− and yl− 
directions. Its dimensions are 11 mm × 11 mm × 2 mm, which are almost two-fifths the size 
of the magnet-array dimension shown in Fig. 3. The ultimate miniaturization of the 
permanent-magnet mover enables higher accelerations to be generated using the same 
armature currents and flux density as given in Subsection 2.2.1. 
In the mover motions, there are 3-DOF rotations. However, this analysis deals with the 
rotations around only one axis (xm, ym, or zm). The rotational angles around the xm−, ym−, and 
zm−axes are referred to as roll angle γ, pitch angle β, and yaw angle α, respectively. The 
driving forces acting on the mover can be calculated from the Lorentz force law with the 
same equations as Eqs. (4) and (5). 
Figure 16 shows the analysis results of the driving forces Fx, Fz, Tx, Ty, Tz for the yaw angle α 
when the d− and q−axis currents for the x−directional drive are supplied (Idx = 1 A, or Iqx = 1 
A), the air gap between the mover bottom and armature conductors is 0.5 mm, and  
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Fig. 15. Analytical model for 6-DOF driving forces 
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the pitch and roll positions are not displaced (β = γ = 0 deg). Figure 16 indicates that the 
d−axis current generates the translational forces Fz and torques Tz, and the q−axis current 
generates the translational forces Fx and torques Tx, Ty. The translational forces Fx, Fz and 
torques Ty are almost constant, and the torques Tx and Tz are proportional to the yaw angle 
α when the yaw angle α ≈ 0 deg. Because of the symmetric magnetization of the mover, the 
same driving forces can be generated every 180 deg. 
From the analysis results shown above and others for the pitch angle β and the roll angle γ, 
the driving forces Fx, Fy, Fz, Tx, Ty, Tz can be expressed from the d− and q−axis currents Idx, Iqx, 
Idy, Iqy as follows: 
 ( )
0 0 0
0 0 0
, , 0 0
6 4 matrix
x F
dx dxy F
qx qxFTz F F
dy dyx TP TP TP TC
qy qyy TP TC TP TP
z TP TP TP TP
F K
I IF K
I IF K K
I IT K K K K
I IT K K K K
T K K K K
α β γ
γ α γ
β β α
α γ α β
⎡ ⎤⎡ ⎤ ⎡ ⎤⎢ ⎥⎢ ⎥ ⎢ ⎥⎡ ⎤ ⎡⎢ ⎥⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢⎢ ⎥⎢ ⎥ ⎢ ⎥− −⎢ ⎥ ⎢= ≈⎢ ⎥⎢ ⎥ ⎢ ⎥⎢ ⎥×⎢ ⎥⎢ ⎥ ⎢ ⎥⎢ ⎥⎢ ⎥⎢ ⎥ ⎢ ⎥−⎢ ⎥⎣ ⎦ ⎣⎢ ⎥⎢ ⎥ ⎢ ⎥− −⎢ ⎥ ⎢ ⎥⎢ ⎥⎣ ⎦ ⎣ ⎦⎣ ⎦
K
⎤⎥⎥⎢ ⎥⎢ ⎥⎢ ⎥⎦
  (20) 
where KFT is a 6 × 4 matrix and all elements of the matrix nonlinearly depend on the yaw 
angle α, pitch angle β, and roll angle γ. In this study, the pitch and roll displacements of the 
mover are assumed to be very small (β ≈ 0 deg and γ ≈ 0 deg) because of small air gap (less 
than 1 mm) between the mover and stator, and in the range, all elements of KFT almost 
linearly depend on the pitch and roll displacements. Furthermore, if the yaw displacements 
are assumed also to be very small (α ≈ 0 deg), all elements of KFT almost linearly depend on 
the yaw displacements, and the system-constant matrix KFT is expressed approximately as 
shown in Eq. (20). 
In Eq. (20), KFC, KTC, and KTP are constant (in this analysis, for a 0.5-mm air gap, KFC ≈ 17 mN, 
KTC ≈ 12 mN⋅mm, and KTP ≈ 4.5 mN⋅mm). Equation (20) also indicates that the driving forces 
due to the d−axis currents Idx and Idy are equal because of the symmetry of the actuator.  
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(a) Driving forces from Idx = 1 A.  (b) Driving forces from Iqx = 1 A. 
Fig. 16. Driving forces for yaw angle α at pitch and roll angles β = γ = 0 deg 
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Therefore, even if the two currents Idx and Idy are controlled, only 1-DOF driving forces can 
be controlled in the range within α ≈ 0 deg, β ≈ 0 deg, and γ ≈ 0 deg. Therefore, controlling 
the four armature currents in the dq−frame controls the 3-DOF motions of the mover (for 
instance, x−, y− and z−motions, or x−, y−, and α−motions). In order to realize both 3-DOF 
motion controls on a plane and magnetic suspension, the planar actuator needs to be 
redesigned. 
3.1.2 Conceptual design 
In order to suspend the mover, suspension forces that balance the force of gravity need to be 
generated. Equation (20) indicates that negative d−axis currents (Idx, Idy < 0) generate 
suspension forces (Fz > 0). Figure 17 shows schematic views of when the d−axis currents are 
supplied. Negative d−axis currents to actively control levitation forces (Fz > 0) always 
generate restoring torques against the β− and γ−displacements. The restoring torques 
stabilize the β− and γ−motions of the mover. 
Equation (20) also shows that the q−axis currents Iqx, Iqy generate the translational forces Fx, 
Fy on a plane without vertical forces Fz. Therefore, the d− and q− axis currents Idx, Iqx, Idy, Iqy : 
• independently control the translational forces Fx, Fy, Fz 
• stabilize the pitch and roll motions. 
However, the d−axis currents utilized to control the suspension forces Fz, generate yaw-
directional torques proportional to the yaw angle α, that is, they generate instable yaw 
motions. Therefore, in order to realize both 3-DOF motion controls on a plane and magnetic 
suspension, a stabilization mechanism for the yaw motions is needed. 
The torques acting on the mover depend on the relative yaw, pitch, and roll distances 
between the mover and the armature conductors, but relative pitch and roll distances 
should be always nearly equal to 0 deg in order to maintain a small air gap. In this study, 
new armature conductors with different relative distances in the yaw direction from the 
armature conductors for the x− and y−directional drives are introduced to control the yaw 
motion. 
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Fig. 17. Conceptual design of a magnetically levitated planar actuator 
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Figure 16 indicates that the d−axis current generates translational forces Fz and torques Tz, 
and the q−axis current generates translational forces Fx, Fy and torques Tx, Ty when the pitch 
and roll positions are not displaced (β = γ = 0 deg). So, at least four kinds of the q−axis 
currents, that is, four pairs of polyphase currents are needed to actively control 6-DOF 
motions. Furthermore, Fig. 16 also indicates that the d− and q−axis currents generate only 
torques without translational forces when the relative yaw distance is 24.7 deg or 45 deg. As 
mentioned in Subsection 3.1.1, a magnitude of torque Tz resulting from the mover tiled by 
24.7 deg is larger than that by 45 deg. Therefore in this study, the armature conductors are 
tilted by 24.7 deg in the yaw direction from the armature conductors for the x−directional 
drive, I term this arrangement "armature conductors for the α−directional drive." When the 
yaw angle of the mover α = 0 deg, the d−axis currents for the α−directional drive Idα : 
• generate only torques Tz 
• without vertical forces Fz. 
Therefore, the d−axis currents Idα can separate the generation of the vertical forces Fz and 
torques Tz, and stabilize the yaw motion. To date, the d− and q−axis currents are generated 
by three-phase currents, but they can be also be generated by two-phase currents. In this 
study, a magnetically levitated planar actuator with three pairs of two-phase armature 
conductors is organized as shown in Fig. 18. 
3.2 Dynamic behavior of mover 
The mover has 3-DOF translational and rotational motions because there is no mechanical 
suspension mechanism. When the physical quantities of the mover motion are represented, 
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Fig. 18. Fundamental structure of magnetically levitated planar actuator 
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it is extremely important what coordinates are respected. The translational motions are often 
represented with respect to the stationary coordinate, and the rotational motions are often 
represented with respect to the mover coordinate. This section introduces an equation for 
the 6-DOF motions of the mover that describes the dynamic behavior. 
The equation of the motion of the mover can be represented by the translational forces 
acting on the mover Fsm = [Fx  Fy  Fz]T and torques around the mover center O’ Tsm’ = [Tx’  Ty’  
Tz’]T from mass M and inertia tensor Jm’ of the mover as follows: 
 sm
sm g
dM
dt
= +v F F   (21) 
 ( )’’ ’ ’ ’ ’smm sm sm m smd dt = − ×
ω ω ωJ T J   (22) 
where vsm = [vx  vy  vz]T and Fg = [0  0  −Mg]T are velocity of the mover and the force of 
gravity acting on the mover, respectively. 
Equations (21) and (22) represent 3-DOF translational and rotational motion equations of the 
mover, respectively. All variables in the translational and rotational motion equations are 
represented with respect to the stationary coordinate xsyszs and mover coordinate xmymzm, 
respectively. The position rsm = [x  y  z]T, with respect to the stationary coordinate xsyszs, and 
Euler angle φ = [α  β  γ]T, which is defined from α, β, and γ as orderly counterclockwise 
rotations about the z-, y- and x-axes, respectively, can be represented by the velocity vsm and 
angular velocity ωsm’, respectively, as follows: 
 sm
sm
d
dt
=r v   (23) 
 ( ) 1 ’smddt ωϕ
−=ϕ ϕ ωR   (24) 
where Rωφ is a 3 × 3 matrix and all elements of the matrix nonlinearly depend on the Euler 
angle φ. Equations (21)−(24) can represent dynamic behaviors of the mover with 6 DOF. 
3.3 Planar motion control with stable magnetic levitation 
This section discusses six-current controls to stably levitate the mover and actively control 
the x−, y−, z−, and α−motions. There are two important things for the motion controls: 
• to generate independent translational forces Fx, Fy, and Fz with stable torques in the γ− 
and β−directions. 
• to generate torques in the α−direction with less interference to translational forces Fx, Fy, 
and Fz. 
This section first presents driving forces resulting from three pairs of two-phase armature 
currents, and then the driving force-control system. 
3.3.1 Translational motion control 
In this study, three pairs of two-phase currents ij = [I1j  I2j]T (j = x, y, or α) are assumed to be 
supplied to the three pairs of two-phase armature conductors as shown in the following 
equations: 
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 ( )1 cosj j sjI I θ= −   (25) 
 ( )2 sinj j sjI I θ=  (26) 
Figure 19 shows phasor diagrams for the relation between the dq−frame and α ’β ’−frame. 
The currents I1x and I1y generate the opposite-phase magnetic field to that resulting from the 
permanent-magnet mover when the mover position in the x− and y−directions (x, y) = (xs, ys) 
and the Euler angle φ = (0, 0, 0). The α ’−axis are aligned to the opposite side of the current I1j 
axis, and the β ’−axis leads the α ’−axis by 90 deg. The current I1α generates a magnetic field 
that is tilted by ϕ = −24.7 deg around the α−direction from that caused by current I1x. 
Bearing this in mind, the armature currents in the dq−frame Idj and Iqj can be represented by 
the currents I1j and I2j as follows (j = x, y, or α): 
 
( ) ( )
( ) ( )
2
1
cos / sin /
sin / cos /
dj js s
qj js s
I Ij j
I Ij j
π τ π τ
π τ π τ
−⎡ ⎤⎡ ⎤ ⎡ ⎤= ⎢ ⎥⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦⎣ ⎦
  (27) 
 cos sins s sx yα φ φ= − . (28) 
These pairs of d− and q−axis currents generate the translational forces Fsm and torques Tsm’ as 
follows: 
 ( )
0 0 0 0 0
0 0 0 0 0
, 0 0 0 0
’ 6 6 matrix
’
’
dx dxx
qx qxy
dy dysmz
qy qyx
d dy
q qz
I IF
I IF
I IF
I IT
I IT
I IT
α α
α α
⎡ ⎤ ⎡ ⎤ ⎡ ⎤⎡ ⎤ ⎡ ⎤⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥= ≈⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥×⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎣ ⎦⎣ ⎦ ⎣ ⎦ ⎣ ⎦⎣ ⎦
K r ϕ   (29) 
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Fig. 19. Phasor diagram showing relation between dq−frame and α ’β ’−frame 
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where K is a 6 × 6 matrix, and all elements of K depend on the mover position rsm and Euler 
angle φ. Where Euler angle φ ≈ 0, K can be approximated as shown in Eq. (29), and therefore 
3-DOF translational forces Fx, Fy, and Fz can be independently controlled by two-phase 
currents ix and iy. 
In this study, references of the translational forces Fsm* = [Fx*  Fy*  Fz*]T are determined from 
the mover positions rsm = [x  y  z]T and position references rsm* = [x*  y*  z*]T by three PID 
controls. 
 ( )* * smsm F sm sm F gddt= − − −rF P r r D F   (30) 
where PF = diag(PFx, PFy, PFz) and DF = diag(DFx, DFy, DFz) are proportional and differential 
parameters, respectively. In this study, references of the armature currents ix* and iy* are 
calculated from those of the translational forces Fsm* as follows: 
 
1* *
11 12
* *
31 32 / 2
dx x
qx z
K KI F
K KI F
−⎡ ⎤ ⎡ ⎤⎡ ⎤=⎢ ⎥ ⎢ ⎥⎢ ⎥⎢ ⎥ ⎣ ⎦ ⎣ ⎦⎣ ⎦
  (31) 
 
1* *
23 24
* *
33 34 / 2
dy y
qy z
K KI F
K KI F
−⎡ ⎤ ⎡ ⎤⎡ ⎤=⎢ ⎥ ⎢ ⎥⎢ ⎥⎢ ⎥ ⎣ ⎦ ⎣ ⎦⎣ ⎦
  (32) 
Supplying the armature currents ix and iy equal to the references ix* and iy* generates the 
translational forces Fsm equal to the references Fsm*. 
3.3.2 Rotational motion control 
The armature currents ix and iy generate not only the translational forces Fsm, but also the 
torques Tsm’. Therefore, it is extremely important to investigate how the torques Tsm’ 
resulting from the armature currents ix and iy influence the rotational motions of the mover. 
When the Euler angle φ ≈ 0, the torques Tz’, Ty’, and Tx’ are dominant on the Euler angle α, β, 
and γ, respectively. Next I performed a numerical analysis of the torque characteristics due 
to the armature currents for the x−directional drive when rotational motions with more than 
1 DOF occur. 
Furthermore, from analysis results of the 6-DOF driving forces, when rotational motions 
with more than 1 DOF occur in the range within −2 deg < α, β, and γ < 2 deg, a 6 × 4 
submatrix of K is almost in agreement with KFT in Eq. (20). Therefore, negative d−axis 
currents Idx, Idy that control the suspension forces Fz generate stable restoring torques Ty’, Tx’. 
However, the q−axis currents that control the translational forces Fx, Fy generate torques Tz’, 
Ty’, Tx’, which are not stable restoring torques. So next I performed a numerical analysis of 
the torque characteristics due to the armature currents for the α−directional drive. 
Figure 20 shows the torques due to the armature conductors for the α−directional drive at 
(β, γ) = (0, 0). When the Euler angles (β, γ) = (0, 0), the d−axis current Idα generates only the 
torque Tz’ and the q−axis current Iqα generates only the torques Ty’, Tx’. Therefore, the 
torques Ty’ and Tx’ cannot be independently controlled by the armature currents for the 
α−directional drive. When the Euler angle φ ≈ 0 and angular velocity ωms’ ≈ 0, a linearized 
equation of the rotational motion can be obtained from Eqs. (22) and (24) as follows: 
www.intechopen.com
A Long-Stroke Planar Actuator with Multiple Degrees of Freedom  
by Minimum Number of Polyphase Currents  
 
435 
 
-30
-20
-10
0
10
20
30
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
 Euler angle  α   (deg)
K
4
5,
 
 K
5
5,
 
 K
6
5 
 
(
m
N ⋅mm
/
A
)
(β, γ ) = (0, 0)K 55 (= T y ' / I d α )
K 45 (= T x ' / I d α )
K 65 (= T z ' / I d α )
-30
-20
-10
0
10
20
30
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
Euler angle  α  (deg)
K
4
6,
 
 K
5
6,
 
 K
6
6 
 
(
m
N ⋅mm
/
A
)
K 66 (= T z ' / I q α )
K 56 (= T y ' / I q α )
K 46 (= T x ' / I q α )
(β, γ ) = (0, 0)
 
(a) K45, K55, and K65.   (b) K46, K56, and K66. 
Fig. 20. Analysis result of the torques from the armature conductors for the α−drive 
 ( )2 1
2
’ ’
T
m sm E
d T T T
dt ωϕ α β γ
− ⎡ ⎤≈ = = ⎣ ⎦ϕ R J T T .  (33) 
In this study, TE*, which is the reference of TE, is determined by a PD control from the Euler 
angle α and the reference α* as follows: 
 ( )* *T T dT P D dtα α α αα α= − −   (34) 
where PTα and DTα are proportional and differential parameters, respectively. Then, the 
references Tβ* and Tγ* are determined to be zero because of the suppression of the β− and 
γ−motions. The torque references Tx’* and Tz’* can be calculated from the reference TE* by Eq. 
(33). Then, the references of the armature currents for the α−directional drive Idα* and Iqα* can 
be calculated for the torque references Tx’* and Tz’* as follows: 
 
1* *
45 46
* *
65 66
’’
’’
xad x
zaq z
K K TI T
K K TI T
α
α
− ⎛ ⎞⎡ ⎤ ⎡ ⎤⎡ ⎤ ⎡ ⎤= −⎜ ⎟⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥⎜ ⎟⎢ ⎥ ⎣ ⎦ ⎣ ⎦⎣ ⎦⎣ ⎦ ⎝ ⎠
 (35) 
where Txa’ and Tza’ are torques due to the armature currents ix and iy, and can be represented 
as follows: 
 41 42 43 44
61 62 63 64
dx
qxxa
dyza
qy
I
IT K K K K
IT K K K K
I
⎡ ⎤⎢ ⎥⎡ ⎤ ⎡ ⎤ ⎢ ⎥=⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦ ⎢ ⎥⎢ ⎥⎣ ⎦
. (36) 
Supplying the armature currents iα equal to the references iα* generates TE nearly equal to 
TE*, and controls the rotational motions with less interference to the translational motions. 
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3.4 Numerical analysis of mover motion 
Motion characteristics with 6 DOF can be obtained by solving Eqs. (21)−(24) using the 
Runge-Kutta method. In order to numerically solve the equations, it is necessary to calculate 
the driving forces Fsm and Tsm’ at each time step. The calculation at each time step consists of 
an integration of Lorentz force acting on the line segments as shown in Eqs. (4) and (5), and 
so requires a lot of computation time. The flux density B acting on the armature conductors 
greatly depends on the mover position rsm and Euler angle φ. Therefore, the driving forces 
Fsm and Tsm’ are functions of the mover position rsm and Euler angle φ. In this study, the 
system-constant matrix K was calculated and the data table of K was made before the 
motion analysis. Then, the system-constant matrix K is calculated from the mover position 
rsm and Euler angle φ by interpolating it with the data table at each time step. The analysis 
conditions are shown as follows: 
• time step dt = 0.2 ms 
• control period tc = 2 ms 
• initial position ri = 0 
• initial Euler angle φi = 0. 
When the z−position is zero, the mover is assumed to be on the stator. The proportional and 
differential parameters are determined so that the settling times in the x−, y−, z−, and 
α−motions are less than 1 s. In this analysis, to investigate the planar motion control and 
magnetic levitation, the following position reference is given: 
• x* = 2 cos(π t) mm 
• y* = 2 sin(π t) mm 
• z* = 0.15 mm 
• Euler angle α * = 0 deg. 
Figure 21 shows the analysis result of the mover motions under this analysis condition, and 
indicates that the mover can track the reference positions in the x− and y−directions, and be 
positioned in the z− and α−directions with suppression of the β− and γ−displacements. 
Therefore, mover motions can be controlled with stable magnetic levitation. The q−axis 
currents Iqx and Iqy used to control the translational forces Fx and Fy also generate 
simultaneously the torques Ty’ and Tx’, respectively. Therefore, displacement of the Euler 
angles β and γ slightly occurs. 
3.5 Summary of chapter 3 
This chapter presents a feasibility verification of a planar actuator with both 3-DOF planar 
motions and magnetic suspension of the mover in order to further improve performance. 
Then, based on a numerical analysis of the 6-DOF driving forces, a planar actuator having a 
mover positioned above a plane and magnetically levitated by only six currents and the six-
current-control algorithm were conceptually designed. Furthermore, I validated the 
designed planar actuator by numerical analysis of the 6-DOF motions. The results obtained 
in this paper indicate the possibility of the realization of a high-performance MDOF planar 
actuator: 
• decoupled 3-DOF motion control and magnetic levitation on a plane. 
• wide movable area by a small number (six) of armature conductors. 
• extendible movable area regardless of the number of armature conductors. 
• small millimeter-sized mover. 
• no problematic wiring to adversely affect drive performance. 
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Fig. 21. Analytically-obtained 6-DOF mover motions (Ueda & Ohsaki, 2008b) 
4. Conclusion 
This paper presents high-performance MDOF planar actuators with a permanent-magnet 
mover capable of traveling over a wide movable area on a plane, with just a small number 
of stationary armature conductors. The combination of the mover and stator can generate 
spatially superimposed magnetic fields for the MDOF drive, and therefore increasing the 
length of the armature conductors can easily expand the movable area regardless of the 
number of armature conductors. A planar actuator was conceptually designed and 
fabricated. The fabricated planar actuator can independently control the 3-DOF motions of 
the mover. Furthermore, in order to eliminate deterioration of the drive characteristics due 
to friction forces, the planar actuator was redesigned so that the mover could be stably 
levitated and the 3-DOF motions on a plane could be controlled. Then, the mover motion 
characteristics were successfully verified by means of a numerical analysis. Next, a small 
fabrication size was realized by integrating the permanent-magnet array and armature 
conductors for the MDOF drive. The planar actuator has the first millimeter-sized mover 
and would provide a significant starting point when used with small electromechanical 
components in an MDOF drive. 
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